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Abstract: A tetraploid inbred line KAU-TETRA-CL-1 was developed in the watermelon cultivar Sugar Baby through treatment of
seedling shoot tips with colchicine solution (0.5%) followed by selection for increased fertility in the C2, C3, C4, and C5 generations.
Chloroplast count and guard cell measurement in successive generations of tetraploids were employed as criteria for detecting higher
ploidy level and tetraploidy was confirmed by flow cytometry in the C5 generation. A distinct difference was observed in the stomata
of diploid Sugar Baby (length: 20.52 ± 1.4 µm; diameter: 15.86 ± 1.0 µm; number of chloroplasts: 11.2–13.1) and tetraploids from
the C5 generation (length: 29.12 ± 2.0 µm; diameter: 22.0 ± 0.1 µm; number of chloroplast: 20–22). These parameters were effective
in identification of putative tetraploids, and selection based on number of seeds/fruit (>100) was found effective in improving seed
number in advanced generations. The tetraploid line selected in the C5 generation (KAU-CL-TETRA-1) produced red-fleshed and
yellow-fleshed seedless fruits when used as a female parent with diploid male parents CL-4 and CL-5. A seed yield of more than 200 per
fruit was observed in crosses involving the diploid lines. The mean yield over two seasons was 12.256 kg fruits/plant for the red-fleshed
KAU-CL-TETRA-1 × CL-4 and 10.168 kg fruits/plant for the yellow-fleshed KAU-CL-TETRA-1 × CL-5 seedless hybrids. The triploid
hybrids have excellent fruit quality compared to diploids in terms of sweetness and absence of seeds.
Key words: Watermelon, tetraploid, seedlessness, triploid hybrid

1. Introduction
Seedlessness is a desirable trait in watermelon [Citrullus
lanatus (Thunb.) Matsum and Nakai]. Kihara (1951)
demonstrated the application of polyploidy breeding for
producing seedless watermelons that are triploids (3x =
33). The technology involves the initial development of a
stable, nonchimeric tetraploid breeding line by polyploidy
followed by hybridization with desirable diploids.
Tetraploids were developed by seed/seedling dip treatment
of selected diploid lines with mutagens such as colchicine
(C1 generation) followed by self-pollination and selection
in successive generations (C2 and further generations).
Developing a stable tetraploid line with adequate fertility is
the major challenge in polyploidy breeding (Mohr, 1986).
Once a stable tetraploid line is developed, it can be crossed
with desirable diploids having varying fruit traits such as
flesh color, sweetness, lycopene, and citrulline to develop
seedless triploids. Though red-fleshed watermelons are
more popular, a wide genetic variation has been reported
in flesh color (ranging from white, yellow, and orange to
* Correspondence: pradeepkau@gmail.com

red) as well as citrulline content (0.5 to 3.6 mg g–1 of fruit)
in the species (Rimando and Perkins-Veazie, 2005). In
recent years, there has been increased public interest in
exotic characteristics (Park and Cho, 2012), and varieties
with yellow flesh with improved quality will widen the
choice of growers.
In a previous experiment we found that colchicine at a
0.5% concentration was effective in generating tetraploids
from the diploid cultivar Sugar Baby (Pradeepkumar,
2011). The putative tetraploids that developed showed only
35.0 fertile seeds in the C1 generation, which is a limitation
for using the line for further breeding programs. Selection
for an improved number of fertile seeds in successive
generations will be effective in breeding potential
tetraploid lines. Hence, an investigation was carried out to
develop fertile tetraploids in the commercial watermelon
cultivar Sugar Baby and to assess the scope of developing
red- and yellow-fleshed seedless triploid hybrids through
mating the selected tetraploid line (female parent) with
red- and yellow-fleshed diploid cultivars (male parents).
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2. Materials and methods
This work was conducted at the experimental field of the
College of Horticulture’s Department of Olericulture at
Kerala Agricultural University in Thrissur, India, during
the years 2009–2012. Seeds of diploid cultivar Sugar Baby
were sown in protrays and a drop of colchicine (0.5%) was
applied to the emerging shoot tips at the cotyledonary
stage during the early morning hours for 3 consecutive
days.
2.1. Identification of tetraploids (C1 generation)
The seedlings with higher ploidy were identified using
stomatal features such as increased guard cell length, cell
width, and number of chloroplasts in the guard cells from
the lower epidermal peal at 3–5 true leaf stage (Sari et
al., 1999). Five stomata per leaf were randomly observed
under a microscope (Olympus ICON-Tr Freedom) at
100× magnification and measurements were recorded.
2.2. Field evaluation of C2, C3, C4, and C5 generations
Seeds developed through self-pollination from putative
tetraploid plants in the C1 generation were sown for
growing the C2 generation in the field. From this new
generation, 25 plants were randomly selected to confirm
the higher ploidy based on stomatal features. These were
selfed and plants yielding more than 100 seeds per fruit
were further selected for growing the C3 generation; this
cycle was repeated up to the C5 generation. The ploidy of
the C5 plants was confirmed through flow cytometry.
2.3. Flow cytometric analysis
Flow cytometry was carried out at the Rajiv Gandhi Centre
for Biotechnology in Thiruvananthapuram, India. Twoweek-old watermelon seedlings of different ploidy forms
(putative tetraploid plants in the C5 generation, diploid
Sugar Baby cultivars and triploid plants developed by
crossing the tetraploid with the diploid) were taken for leaf
extraction. For each sample, 100 mg of newly expanded
true leaf was chopped in 1 mL of ice-cold Otto 1 solution
(0.1 M citric acid, 0.5% (v/v) Tween 20). Then, 200 µL of
the leaf extract was transferred to a labeled sample tube.
To this, Otto II solution (0.4 M Na2HPO4.12H2O) and
propidium iodide were added at the rate of 50 mg mL–1
simultaneously with RNase at the rate of 50 mg mL–1. A 1
mL aliquot of each sample was filtered through a 42-µm
nylon mesh into a labeled sample tube suitable for the flow
cytometer. Samples were read in a fluorescent activated
cell sorter (FACSaria, Beckton Dickinson) using BD DIVA
version 5.01. Forward scatter was operating at 302 V and
side scatter at 356 V. The excitation laser used was 488 nm
and the emission filter used was 585/42. Calibration was
done with CNCTN and CNCEN beads.
2.4. Development of triploid hybrids
Triploid plants were produced by pollinating the stable
tetraploid line KAU-CL-TETRA-1 obtained from the C5
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generation with pollen from CL-4, a red-fleshed diploid
cultivar and CL-5, a yellow-fleshed diploid cultivar.
Controlled pollination was ensured by bagging all flower
buds and pollination was done during morning hours
(0700–0800). The cover was retained on the developing
fruit for 14 days and seeds were extracted 7 weeks after
pollination.
The triploid red seedless (KAU-CL-TETRA-1 × CL-4)
and yellow seedless (KAU-CL-TETRA-1 × CL-5) hybrids
were evaluated along with the parental lines and cultivar
Sugar Baby as control in RBD with 4 replications. Plants
were grown as per recommended practices (KAU, 2007).
Female flowers of the triploid hybrids were pollinated
with male flowers from the diploid cultivar Sugar Baby to
ensure the fruit set. Observations on days to harvest, fruit
weight, TSS, fruit number, seed/fruit, and yield/plant were
recorded from 10 randomly selected plants in each line.
Statistical parameters such as mean, standard error, range,
and analysis of variance were performed using MSTATC
(1990).
3. Results
Watermelon cultivar Sugar Baby developed new branches
on application of 0.5% colchicine at the seedling stage.
Observations recorded to characterize the putative
autotetraploid lines of Sugar Baby from the C1 to C5
generations are presented in Figure 1.
The chloroplast content of the guard cells was higher
in all of the putative tetraploid lines across generations
(mean ranging from 20–22 in number) compared to Sugar
Baby with a count of 12. The highest chloroplast count
was observed in the C4 generation (22.22) (Figure 2).
The same trend was seen for the length (26.2–32.0 µm)
and diameter (20.1–23.36 µm) of the guard cells from the
C1 to C5 generations in comparison to the diploid Sugar
Baby (length: 20.52 ± 1.4 µm; diameter: 15.86 ± 1.0 µm).
Stomatal size was smaller in the diploid when compared to
the putative tetraploids.
Fruit weight increased from 0.892 kg in the C1
generation to 1.405 kg in the C3 generation and then
decreased to 1.10 kg in the C5 generation. However, the
number of seeds per fruit reached a maximum value in the
C4 generation (105.66) and then fell to 100.33 in the C5
generation. A drastic reduction was observed for number
of seeds in the tetraploid population (72–124 seeds/fruit)
when compared to diploid Sugar Baby (530 seeds/fruit).
3.1. Confirmation of ploidy by flow cytometry
The yield of nuclei from the sample leaf materials was
adequate for flow cytometry to distinguish different
categories of the nuclei (Figure 3). The fluorescence peaks
of the putative tetraploids were discernible from those of
the diploids and triploid hybrids.
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Figure 1. Comparison of advanced generations of autotetraploid lines developed from a diploid cultivar of
watermelon by colchicine treatment.

Comparison of ploidy level of cells based on DNA
survey indicated that 62.7% of the cells in Sugar Baby
were diploids. The frequency of cells in the tetraploid
line was high (67.2%) when compared to the diploid. In
the triploid hybrid plants, 65.4% and 57.2% cells were
found to be triploids for KAU-CL-TETRA-1 × CL-4 and
KAU-CL-TETRA-1 × CL-5, respectively. The results of
flow cytometric analysis confirmed the tetraploidy of the
selected line in the C5 generation.
3.2. Inbreeding and outbreeding behavior of the
tetraploid line
On self-pollination, the tetraploid line exhibited low
fruit set and seed number compared to the three diploid
lines (Table 1). However, there was an increase in these
characteristics when the tetraploid line was pollinated
with diploid male parents, viz. CL-4 and CL-5. Among the
diploids, the highest number of seeds was observed in CL4, followed in order by Sugar Baby and CL-5. Average seed
weight was highest for the tetraploid line followed by the
diploid line CL-5.
3.3. Evaluation of triploid hybrids
Triploid red seedless and yellow seedless hybrids were
evaluated along with the parental lines and Sugar Baby
during October–January 2012 and December 2012–

March 2013. Sugar Baby exhibited vigorous growth
with more internodal length whereas the tetraploid line
and the triploid hybrids produced vines with shorter
internodal lengths (Table 2). Early male and female
flower emergence was observed in the triploid hybrids
and tetraploid line compared to the diploid cultivars, viz.
Sugar Baby, CL-4, and CL-5. However, fruits matured
earlier for the diploids. The triploid hybrids produced
medium-sized fruits compared to the diploid Sugar Baby
(6.2 kg). Though average fruit number per plant was on
par in both seedless hybrids, only the red seedless hybrid
produced a yield (12.256 kg fruits/plant) comparable to
that of the diploids. The most important advantage of the
triploid hybrids is the seedlessness (Figure 4). They have
excellent fruit quality when compared to diploids in terms
of sweetness as indicated by the high TSS (10.7 °brix in
the red-fleshed hybrid and 10.2 °brix in the yellow-fleshed
hybrid).
4. Discussion
The present investigation provides a roadmap for
developing a tetraploid breeding line that can be used for
generating seedless watermelon hybrids with different
flesh color through polyploidy breeding. The differential
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Figure 2. Stomata of the (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5 generations of the autotetraploid
lines as well as (f) Sugar Baby.

response of genotypes to colchicine necessitates
determination of colchicine concentrations suited for
a given cultivar (Gaikwad et al., 2009). Earlier, we had
standardized the optimum concentration of colchicine
(0.5%) for generating tetraploids from the diploid cultivar
Sugar Baby.
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As early identification of putative tetraploids can save
valuable resources, a simple method for identification
of plants with higher ploidy is an important objective in
polyploidy breeding (Compton et al., 1996). Sari et al. (1999)
compared direct (chromosome counting) and indirect (flow
cytometry, stomatal size, chloroplast count in guard cells,
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Figure 3. Flow cytometric analysis of diploid, triploid (3x) and autotetraploid (4x) in watermelon.
Table 1. Fruit set and seed characters on selfing and crossing in watermelon.
Cultivar

Fruit set a,c (%)

Number of seedsb,c

Average seed weightb,c (g)

Sugar Baby

95.60a

520 ± 7.3b

0.039 ± 0.012b

CL-4

97.20a

960 ± 10.1a

0.044 ± 0.014ab

CL-5

85.60a

301 ± 7.8bc

0.053 ± 0.008a

KAU CL TETRA-1 (C5 generation)

65.15b

100.33 ± 3.61c

0.059 ± 0.009a

KAU-CL-TETRA-1 × CL-4

75.64ab

215.0 ± 25.4bc
(Triploid seed)

0.042 ± 0.012b

KAU-CL-TETRA-1 × CL-5

78.62ab

263.4 ± 32.1bc
(Triploid seed)

0.048 ± 0.014ab

a
c

= Number of flowers pollinated in each genotype per treatment is 20, b = data are means ± standard errors of 10 fruits,
= mean separation within columns by Duncan’s multiple range test at 5% level.

and morphological observations) methods to determine the
ploidy levels of haploid and diploid watermelon plants of
the cultivars Sugar Baby and Halep Karasi. While counting
chromosomes is cumbersome, the measurement of stomata
and counting of chloroplast methods are simple and less
labor intensive, and hence can be considered a practical

alternative to the others. Jaskani et al. (2005) also reported
chloroplast counting as an efficient indicator of polyploidy
during the early phase of plant growth. The present
investigation corroborates this finding and the counting of
chloroplasts in the guard cells of seedlings was employed
effectively to detect putative tetraploids in early generations.
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Table 2. Biometric characteristics of watermelon genotypes (mean of two seasons).
Sl
no.

Characteristic

KAU-CL-TETRA-1 × CL-4
(Red seedless triploid)

KAU-CL-TETRA-1 × CL-5
(Yellow seedless triploid)

Sugar Baby
(Diploid)

KAU CL TETRA-1
(Tetraploid)

CL-4
(Diploid)

CL-5
(Diploid)

LSD
P = 0.05%

1.

Internodal length (cm)

6.10

5.65

8.71

6.05

6.32

6.25

0.27

2.

Node from which first
male flower emerged

9.56

8.32

17.40

15.25

21.5

18.25

1.3

3.

Node from which first
female flower emerged

12.23

11.51

22.16

17.85

24.15

22.31

0.95

4.

Days to harvest

96.0

98.0

92.0

103.0

91.0

89.0

1.5

5.

Fruit weight (kg)

3.83

3.28

6.2

2.66

6.1

4.16

0.7

6.

Fruit perimeter (cm)

44.56

42.83

58.66

40.33

60.32

54.71

3.52

7.

Rind thickness (cm)

1.45

1.51

1.12

1.32

1.15

1.20

0.05

6.

TSS (% brix)

10.7

10.2

9.2

10.1

9.3

9.0

0.2

7

Fruit number/plant

3.2

3.1

2.0

3.2

2.1

2.2

0. 15

8

Yield/plant (kg)

12.256

10.168

12.4

8.512

12.81

9.152

0.35

9

Seeds/fruit

0

0

600

80.0

650.0

287.0

60.2

Figure 4. Red-fleshed and yellow-fleshed triploid hybrids along with male and female parents.

Sari et al. (1999) observed distinct stomatal traits for
guard cell length (haploid: 17 ± 18 µm; diploid: 23 ± 24
µm), diameter (haploid: 10 ± 12 µm; diploid: 18 µm), and
number of chloroplasts (haploid: 6–7; diploid: 11–12).
The present investigation indicated similar features for the
stomata in the diploid Sugar Baby (length: 20.52 ± 1.4 µm;
diameter: 15.86 ± 1.0 µm; number of chloroplasts: 11.2–
13.1). Jaskani et al. (2005) also reported higher counts of
chloroplasts as an indication of polyploidy, though the
values reported were lower than those in the present study
(5–7 in diploids and 10–12 in tetraploids). However, this
method was ineffectual to differentiate chimeras in the
C1 generation as the ploidy level was not stabilized in the
plant parts.
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Self-pollination followed by selection for increased
seed number in successive tetraploid generations was
exercised to stabilize the plants with higher ploidy level
and to increase the fertility of the tetraploid line. In order
to confirm the ploidy at the final stage, flow cytometry was
performed on the C5 generation of putative tetraploids.
The proposed flow cytometry protocol (Jaroslav et al.,
2007) was effective in generating clear histograms. It was
further proven that the histogram obtained from flow
cytometric analysis can be directly used for determining
tetraploidy and triploidy if the original diploid nuclei are
included in the sample preparation. The DNA content
estimated through flow cytometry of the putative tetraploid
watermelon plants in the C5 generation vindicates the
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results obtained by chloroplast counting and stomatal
measurement. The proportion of tetraploid cells among the
C5 plants selected on the basis of seed number, chloroplast
count, and stomatal measurement was 67.2%. Although
tetraploid watermelon plants could be distinguished
by morphological markers, the presence of mixoploids
tends to confuse the situation (Rose et al., 2000). Hence,
conclusive validation through flow cytometry is always
advisable before embarking on triploid production.
Improving the fertility of autotetraploids is a major
challenge in seedless watermelon breeding. Autotetraploid
populations are generally characterized by decreased
fertility and the occurrence of aneuploids in various
degrees (Dhawan and Lavania, 1996). Simonsen (1973)
reported that aneuploid frequency was high in initial
generations and then decreased in further generations
corresponding to level of fertility. According to Compton
and Gray (1992), tetraploid plants generally require at
least 8–10 years of self-pollination before sufficient plants
are generated for commercial triploid seed production.
Selection for seed content (high fertility) in tetraploids
should not increase the seed number to the level of
diploids, but should stabilize it at fewer than 200 seeds/
fruit. Lower seed content makes the cost of triploid hybrid
production too high and higher seed content defeats the
purpose from a consumer standpoint (Andrus et al., 1971).
In the present study, increased female fertility in terms of
number of seeds was also evident in the progression of
generations, as it leaped from 35.13 in C1 to 100.33 in C5.
Selection of putative tetraploid plants based on seed/fruit
count (>100) was found effective in improving seed count.
All the world over, only a few tetraploid lines are
available in watermelon due to low fertility, low seed yield,
and poor seed germination (Jaskani et al., 2006). Seed
yield on self-pollination as well as crossing with diploid
parent pollen decides the breeding value of a tetraploid
line, which ultimately determines the price of triploid F1
hybrid seed. In the present investigation, the line selected
from the C5 generation, KAU-CL-TETRA-1, was found to
be promising as a seed yield of more than 200 per fruit
was obtained in crosses involving the diploid lines CL-4
and CL-5. Internationally, triploid F1 hybrid seeds of
watermelon are the costliest in the vegetable seed industry
(Schultheis et al., 2007) and national missions were
launched in the US and Australia for developing breeding
lines to cater to the needs of consumers.
Triploid seeds can be produced by placing tetraploid
plants in crossing blocks with diploids and by allowing
open pollination; the resultant seed in the mother plant
(4x) can be either tetraploid (4x) due to self-pollination,
or triploid (3x) from pollination by a diploid. A sorting
method was developed (Shimotsuma and Matsumoto,
1957) to distinguish 3x watermelon seeds from 4x based

on seed weight and thickness. They found that 3x seeds
were thinner and lighter than 4x seeds, but both were
thicker and heavier than diploid seeds. In the present
investigation, the self-pollinated tetraploid line produced
larger seeds compared with the triploid seeds and seed
weight can be considered in order to distinguish selfpollinated and crossed seeds in an open seed block.
Both triploid hybrids developed in the present
investigation were found to be free from seeds. It was also
observed that, by altering the parent pollen, flesh color
can be changed in triploid hybrids and the yellow-fleshed
seedless triploid hybrid is the first of its kind developed
in India. The bright yellow color of the flesh supports the
hypothesis put forward by Poole (1944) that canary yellow
flesh color is controlled by a single dominant gene, C,
to pink flesh, c and the inheritance pattern observed
from the crosses involving diploid cultivars also holds
true in polyploidy breeding, which is an indication of
the homozygous nature of the tetraploid line KAU-CLTETRA-1 developed using colchicine treatment.
The U.S. Standards for grades of watermelons (1978)
sets the quality limits of watermelon and prescribes that
watermelons may be labeled as having good internal
quality with 8% brix as determined in a random sample
by an approved refractometer. Likewise, fruit may be
labeled as having very good internal quality with a TSS of
10% brix. The high TSS of the triploids developed in the
present study (10.7% brix for red seedless and 10.2% brix
for yellow seedless) indicates the excellent internal quality
based on this standard.
The key benefits of triploid seedless watermelon
include high quality derived from seedlessness and high
sugar content, high yield, vigorous plants, tolerance to
diseases and humidity, better shipping ability, and higher
economic return. The yield of the two triploid hybrids
(10.168 kg fruits/plant for yellow-fleshed and 12.256
kg fruits/plant for red-fleshed) developed is higher than
those of earlier reports from India (Pitchaimuthu and
Dutta, 2001). The triploid hybrids have excellent fruit
quality and would fetch premium market price with long
transportability due to their thick rind. However, defects
of triploid seedless watermelon such as slow development
of seedlings, hard seed coat in the flesh, hollow heart, thick
rind, and misshapen fruit (Sun, 1998) call for fine tuning
of cultural practices that must be standardized before
launching commercial cultivation.
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